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Abstract Durum wheat (Triticum turgidum ssp. durum,
2n = 4x = 28, genomes AB) is an economically important
cereal used as the raw material to make pasta and
semolina. In this paper we present the construction and
characterization of a bacterial artificial chromosome
(BAC) library of tetraploid durum wheat cv. Langdon.
This variety was selected because of the availability of
substitution lines that facilitate the assignment of BACs to
the A and B genome. The selected Langdon line has a 30-
cM segment of chromosome 6BS from T. turgidum ssp.
dicoccoides carrying a gene for high grain protein
content, the target of a positional cloning effort in our
laboratory. A total of 516,096 clones were organized in
1,344 384-well plates and blotted on 28 high-density
filters. Ninety-eight percent of these clones had wheat
DNA inserts (0.3% chloroplast DNA, 1.4% empty clones
and 0.3% empty wells). The average insert size of 500

randomly selected BAC clones was 131 kb, resulting in a
coverage of 5.1-fold genome equivalents for each of the
two genomes, and a 99.4% probability of recovering any
gene from each of the two genomes of durum wheat. Six
known copy-number probes were used to validate this
theoretical coverage and gave an estimated coverage of
5.8-fold genome equivalents. Screening of the library
with 11 probes related to grain storage proteins and starch
biosynthesis showed that the library contains several
clones for each of these genes, confirming the value of the
library in characterizing the organization of these impor-
tant gene families. In addition, characterization of
fingerprints from colinear BACs from the A and B
genomes showed a large differentiation between the A
and B genomes. This library will be a useful tool for
evolutionary studies in one of the best characterized
polyploid systems and a source of valuable genes for
wheat. Clones and high-density filters can be requested at
http://agronomy.ucdavis.edu/Dubcovsky/BAC-library/
BAC_Langdon.htm
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Introduction

Yeast artificial chromosomes (YACs) and bacterial
artificial chromosomes (BACs) are valuable tools that
allow the cloning of large fragments of DNA and are used
to construct representative libraries of entire genomes
(Burke et al. 1987; Shizuya et al. 1992). BAC libraries are
generally preferred over YAC libraries because of their
relatively simple production process, greater clone stabil-
ity and low frequency of chimerism (Woo et al. 1994).
BAC libraries are also easy to manipulate, and the
isolation of exogenous DNA is relatively similar to
normal plasmid preparations (Woo et al. 1994).

Large-insert libraries are useful for gene positional
cloning strategies (Tanksley et al. 1995), for genome
structure analysis (Chen and Foolad 1997; Panstruga et al.
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1998; SanMiguel et al. 2002), for genome organization
comparisons between related species (Chen et al. 1997;
Tikhonov et al. 1999; Dubcovsky et al. 2001) and for map
saturation with molecular markers and microsatellite
discovery in targeted regions (Cregan et al. 1999).

The required number of BAC clones for a library
mainly depends on the genome size of the species
considered, the required genome coverage and the
average insert size. Considering average inserts of
100 kb, a five fold genome coverage of the small
genomes of Arabidopsis thaliana (125 Mb) and rice
(450 Mb) would require 7,000 and 23,000 BAC clones,
respectively (Choi et al. 1995; Zhang et al. 1996).
However, species with large genomes, such as barley
(5,000 Mb) or diploid wheat (5,600 Mb), require 250,000
and 280,000 clones for a similar coverage (Lijavetzky et
al. 1999; Yu et al. 2000).

Tetraploid wheat Triticum turgidum L. (genomes
AABB) originated from the hybridization of T. urartu
Thum. and a species closely related to T. speltoides
(Tausch) Gren. (Dvorak et al. 1988; Dvorak and Zhang
1990). The modern hexaploid bread wheats (genomes
AABBDD) originated from a more recent hybridization
of T. turgidum with diploid T. tauschii (Coss.) Schmalh.
(genome DD; Kihara 1944). The combination of large
diploid genomes in the polyploid species resulted in even
larger genomes, varying from 13,000 Mb in tetraploid
wheat to 16,000 Mb in hexaploid wheat T. aestivum L.
(Arumuganathan and Earle 1991).

BAC libraries are available for the D genome of
diploid T. tauschii (Moullet et al. 1999) and for the Am

genome of diploid T. monococcum L. (genome AmAm)
(Lijavetzky et al. 1999). Triticum monococcum is a
species closely related to T. urartu, the A-genome donor
of cultivated polyploid wheats (Dvorak et al. 1993). None
of the diploid species has a genome that matches perfectly
the B genome from polyploid wheats (Dvorak and Zhang
1990; Huang et al. 2002). Therefore, the B genome needs
to be cloned from a polyploid species. A transformation-
competent artificial chromosome (TAC) BAC library of
hexaploid wheat variety Chinese Spring has been pro-
duced, but its clones were stored as bulked cultures and
no high-density filters are available (Liu et al. 2000; Ma
et al. 2000).

To fill this gap, we decided to construct a gridded BAC
library of the tetraploid species T. turgidum var. durum.
Among the tetraploid species, durum wheat (T. turgidum
ssp. durum) is the most cultivated and is an economically
important cereal, especially in the Mediterranean area,
since it is the raw material for making pasta and semolina.
Therefore, a BAC library from tetraploid wheat will
provide access to genes directly involved with pasta
quality. Our laboratory is involved in the positional
cloning of a gene from T. dicoccoides that increases
protein content in the grain (Joppa et al. 1997; Khan et al.
2000). This BAC library will be an essential tool for
positional cloning of this and other genes and will also be
a valuable resource for comparative genomic studies of
the wheat genomes.

In this paper we present the construction and organi-
zation of a BAC library of the tetraploid species T.
turgidum ssp. durum and a preliminary characterization of
its potential to study genes involved in quality traits. We
also discuss the differentiation of colinear regions in the
A and B genomes.

Materials and methods

Plant material

Tetraploid cultivar Langdon was selected for the construction of
this library because the availability of cytogenetic stocks will
facilitate the assignment of BAC clones to individual genomes. A
complete set of substitution lines with D-genome chromosomes
replacing each of the 14 chromosome pairs of cv. Langdon (Joppa
and Williams 1988) was used to assign selected BAC clones to the
A or B genomes.

The line selected for the construction of this library is not a pure
Langdon line but a homozygous recombinant substitution line
(Langdon no. 65; Joppa et al. 1997). Langdon no. 65 has 13 pairs of
chromosomes identical to Langdon and a recombinant chromosome
6B of Langdon carrying a 30-cM homozygous introgression of the
T. turgidum ssp. dicoccoides 6B chromosome. This 30-cM segment
encompasses a gene for high grain protein content (Joppa et al.
1997), the target of a positional cloning project at the UC Davis
(USA) and Haifa University (Israel) laboratories.

Preparation of the BAC vector

The plasmid pCUGIBAC1 (BAC vector pINDIGO536 cloned into
the high-copy vector pGEM-4Z; Luo et al. 2001) was kindly
provided by Dr. R. Wing (Clemson University Genomics Institute,
S.C.). Plasmid DNA was extracted from the Escherichia coli host
by an AutoGen 850a robot (AutoGen, Framingham, Mass.). Ten
micrograms of plasmid were digested with 120 U HindIII for 3 h
dephosphorylated by CIAP (Promega, Madison, Wis.), purified by
phenol/chloroform extraction, and self-ligated with 10 U T4 ligase
(to eliminate phosphorylated plasmids). The dephosphorylated 7.5-
kb fragment of the pINDIGO536 was digested with restriction
enzyme HindIII, and recovered by electrophoresis and electroelu-
tion from the agarose gel. Aliquots of the vector were stored in 50%
glycerol at –80 �C.

BAC library construction

BAC library construction was performed as described previously
(Lijavetzky et al. 1999). The main difference from the previous
protocol was the doubling of the amount of the high-molecular-
weight (HMW) DNA that was separated by pulse field gel
electrophoresis (PFGE).

Approximately 100 clones were tested for each ligation.
Plasmid DNAs were isolated using an AutoGen 850a robot
(AutoGen) and digested with NotI to release the insert. PFGE
was performed using a 1% agarose gel at 200 V, with a 5- to 15-s
pulse ramp for 14 h at 14 �C in 0.5� TBE, to check for the presence
of inserts and to determine their size. Only those ligations that
produced clones with an average size greater than 110 kb and with
an empty clone percentage lower than 2% were included in the
library. Clones were individually isolated by hand or using a Q-bot
(Genetix, Dorset, UK) and were used to inoculate 384-well plates
containing freezing medium (Woo et al. 1994) with 12.5 mg/ml of
chloramphenicol. High-density filters, each containing 18,432
double-spotted clones, were produced using a Q-bot (Genetix).
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Hybridization procedures

Plant nuclear DNAs were isolated from leaves of single plants
following a procedure described previously (Dvorak et al. 1988).
Hybridizations for both the high-density filters and the genomic
Southern blots were performed as described by Dubcovsky et al.
(1994). Probes used to determine the chloroplast (cp) DNA
contamination of the BAC library were obtained by polymerase
chain reaction (PCR) amplification of two chloroplast genes, rbcL
and petD, from total wheat DNA. For rbcL, the primers were 50-
GGACTTATGTCACCACAAAC-30 and 50-CTACTTAT-
CAATAGTATCTACC-30; for petD, 50-CTAAAGGGATGGGA-
CATA-30 and 50-ATCAATGGTAATGTTGC-30 (Ogihara and
Tsunewaki 2000). The probes used to screen the BAC library are
listed in Tables 1 and 2.

BAC fingerprinting

The objective of this experiment was to test if BACs from colinear
regions of the A and B genomes would be assembled either into two
separate contigs or be combined into one contig containing a
combination of BACs from the A and B genomes. BAC clones
from colinear regions of the A and B genomes were selected by
hybridization with five single-copy probes (Table 1) that showed
one restriction fragment per genome in hybridizations with
Langdon genomic DNA. BAC fingerprints were produced using
the restriction enzyme HindIII according to the protocols described
by Marra et al. (1997). Southern blots from the fingerprints were
hybridized with their respective probes to differentiate the BACs
from the two different genomes. Contigs were assembled using the
FPC program (Marra et al. 1997) using a tolerance of 3 and cutoff
of 1e–22.

Results

Construction of durum wheat BAC library

Five ligations were used to construct this BAC library of
durum wheat. The average insert size and the proportion

of empty clones were determined independently for each
ligation (Figs. 1 and 2). The library has 516,096 clones,
arrayed in 1344 384-well plates. Approximately 150,000
clones were handpicked, and the rest were picked using a
Q-bot (Genetix). The complete library was blotted on 28
high-density filters using a Q-bot (18,432 double-spotted
clones per filter).

Characterization of the durum wheat BAC library

To estimate the average insert size, we estimated PFGE
band sizes of 500 clones after NotI digestion (Fig. 1). The
average size obtained was 131 kb with a standard
deviation of 30 kb. The insert sizes ranged from 30 kb
to 290 kb and showed a normal distribution (Fig. 2). Of
the clones, 90% showed inserts larger than 100 kb, and
only 1.4% of the clones had no inserts. The percentage of
empty wells resulting from Q-bot errors was 0.3%.

More than 20% of the BAC inserts have internal NotI
sites (2–6 bands in addition to the vector), resulting in an
average of 1.71 restriction sites per insert. This result
agreed with previous observations for T. tauschii (Moullet
et al. 1999) and other monocot species (Woo et al. 1994;
Zhang et al. 1996; Tomkins et al. 1999) that suggested a
higher frequency of NotI restriction sites relative to dicot
species. This result was also expected based on the higher
GC content of the wheat genome (45.7%; SanMiguel et
al. 2002) and the GCGGCCGC recognition sequence of
NotI.

To evaluate the level of chloroplast contamination in
the library, six high-density filters (representing a total of
110,592 clones) were hybridized with a mixture of two
probes corresponding to the chloroplast genes rbcL and
petD (Ogihara and Tsunewaki 2000). A total of 376

Table 1 Genome coverage estimation based on hybridization of the durum wheat BAC library with known copy-number probes. Total
copy numbers in the A plus B genomes are indicated in the second column

Probe Copy number Number of BACs Genome coverage Reference or GeneBank accession number for probe

Triplet 2 14 7 Singh et al. 1993
HMW-glutenin 4 23 5.8 Anderson et al. 1989
GBSS1 2 11 5.5 AF250137
PSR164 2 11 5.5 Gale et al. 1995
Wheat EST 2 14 7 BE604883
Wheat EST 2 8 4.5 BF484238
Average 14 81 5.8

Table 2 Inferred copy number of quality related genes based on the number of selected BAC clones

Probe Number of BACs Inferred total copy number Reference or GeneBank accession number for probe

LMW-glutenin 92 18 Cassidy and Dvorak 1991
a-gliadin 223 44 XO1130
g-gliadin 56 11 AF234646
SBEI 8 2 Y12320
SBEII 19 4 Nair et al. 1997
SUI (Isoamylase) 17 3 AF438328
SSI 40 8 Peng et al. 2001
SSIIa 40 8 Gao and Chibbar 2000
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clones hybridized with the chloroplast genes, correspond-
ing to 0.34% contamination by cpDNA.

The total percentage of clones without genomic DNA
inserts was 2% (empty wells plus empty clones plus
chloroplast clones). Considering the above percentage, a
131-kb average insert size and assuming that the genome
size of durum wheat is 13,000 Mb, we estimated the
coverage of the library to be 5.1-fold genome equivalents.
This coverage provides a 99.4% probability of recovering
any gene present in each of the two genomes of durum
wheat (Clarke and Carbon 1976).

Hybridization of the library with known copy-number
clones and clones of genes affecting grain quality

The 28 high-density filters containing the complete BAC
library were hybridized with five single-copy probes and
one two-copy probe (Table 1). A total of 81 positive
clones were found for these 14 genes, resulting in an

observed average coverage of 5.8-fold genome equiva-
lents, similar to the estimated coverage of 5.1-fold
genome equivalents. Among these probes, HMW glutenin
gene is present in two copies per genome (designated x
and y) that are tightly linked in the three genomes of
bread wheat (Payne et al. 1981). None of the BACs with
the HMW-glutenin probe included more than one subunit,
suggesting that the x-type and y-type HMW glutenin
genes are not adjacent to each other in both genomes.

The 28 high-density filters were also screened with
three probes for endosperm storage proteins and five
probes from genes related to starch biosynthesis. The 5.1-
fold estimated coverage of the BAC library was used to
provide an indirect estimate of the total number of copies
of these genes in the tetraploid genome (Table 2). These
calculations suggested the presence of approximately 79
endosperm storage protein genes in both genomes,
including two Triplet genes, four HMW glutenins, 18
low-molecular-weight (LMW) glutenins, 44 a-gliadins
and 11 g-gliadins. All except one of the BAC clones
selected with the LMW glutenin probe showed a single
LMW glutenin gene per BAC. This indicates that most of
the LMW-glutenin genes are not adjacent in both
genomes. Hybridization of the fingerprinting membranes
from the LMW-glutenin BACs with a gliadin probe (Hor1
& 2; Forde et al. 1985) showed the presence of gliadin
genes in three of the BACs, suggesting some interspersion
of these two classes of storage protein genes.

The number of detected BACs containing genes
related to starch biosynthesis suggested the presence of
two copies of the starch branching enzyme (SBE) gene
SBEI, four of SBEII, three of the isoamylase type
debranching enzyme gene SU1 and eight for each of the
starch synthase (SS) SSI and SSIIa genes (for a review on
wheat starch biosynthesis genes, see Morell et al. 2001).
The estimates in Table 2 are based on a 5.1-fold genome

Fig. 1 Analysis of randomly
selected Triticum durum BAC
clones: ethidium bromide-
stained PFGE gel of Langdon
BAC clones digested with NotI.
Molecular weight standards are:
M MidRange PFG Marker I
(New England Biolabs),
l HindIII-digested lambda
DNA. Arrow indicates the
vector

Fig. 2 Distribution of the insert size of 500 randomly selected T.
durum BAC clones
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coverage and should be considered only as an approxi-
mation because of the random variation in the represen-
tation of different regions of the genome within the
library.

Determination of the genome source of selected BACs
using chromosome substitution lines

Since durum wheat is a tetraploid species, most of the
genes are present in at least two copies, located once in
each genome. In many cases it is important to determine
the genome source of the selected BACs, a task that is
facilitated by the availability of substitution lines of each
of the 14 Langdon chromosomes by the homeologous
chromosome from the D genome (Joppa and Williams
1988). The high level of restriction fragment length
polymorphisms (RFLPs) between the different genomes
can be used to assign BACs to the A or B genomes.
Figure 3 shows an example of the assignment of four
positive BAC clones obtained with the HMW-glutenin
probe to the two different genomes and some possible
complications in this strategy. In this example, the RFLP
fragments that disappear in the LDN1D(1A) and
LDN1D(1B) substitution lines were assigned to the A
and B genome, respectively. Comparison of the RFLP
pattern of these lines with that of the selected BAC clones
digested with the same restriction enzyme was used to
assign BAC 62J24 to the A genome and BACs 63J13 and
573G9 to the B genome.

Some complications can be found in this strategy. The
3.2-kb fragment corresponding to the Ay gene is not
missing in LDN1D(1A) because there is a fragment of
similar mobility in the D genome (Fig. 3). Assignment of
this BAC to the A genome was confirmed by the
connection of BACs 746B16 with 62J24 by fingerprint-
ing. BAC 62J24 has only part of the Ax HMW glutenin
gene at one end of the BAC and, therefore, the 1.7-kb
fragment present in the A genome is missing in this BAC.

The 1.7-kb and 1.3-kb TaqI fragments were present
together in all other BACs including the Ax gene.

Comparison of fingerprints from A and B genome BACs
from colinear regions

One critical question for the future construction of
physical maps of tetraploid wheat is if the degree of
divergence among the genomes will be sufficient to
generate separate contigs for colinear regions of the A and
B genomes. Southern blots of the HindIII fingerprints
from the BACs clones selected by single-copy probes
(Table 1) were hybridized with their respective probes. In
all cases, only two different hybridization patterns were
observed, confirming that these were single-copy genes
with one copy per genome. The fingerprints were
analyzed together by FPC and assembled into contigs.
In all cases, the A and B genome BACs were assembled
into separate groups. BACs from the same genome were
assembled together with the exception of two BACs from
the Triplet gene that were not connected under the
parameters used in this experiment (tolerance = 3, cutoff
= 1e–22).

A similar result was obtained with the fingerprinting of
23 BACs from the HMW glutenins. The BACs were
assembled into two separate contigs, each including the x
and y genes from the same genome. The connection of the
BACs including the x and y subunits from each genome in
a contig indicates that the distance between the x and y
subunits is less than twice the average BAC insert size.

Discussion

The construction of a fivefold coverage BAC library of
tetraploid wheat was a significant effort due to the large
size of its genome (13,000 Mb). The number of clones
present in this library is equal to the number of clones
present in 15 rice BAC libraries with a tenfold genomic
coverage each. An alternative strategy was recently used
in hexaploid wheat to reduce the effort required for the
construction of large BAC libraries. BAC clones were
stored as bulked cultures without picking and gridding
(Liu et al. 2000). However, libraries stored as single
clones and organized in 384-well plates as the one
presented in this paper are necessary to make high-density
filters which facilitate screening by hybridization in a
single step and distribution of the library for international
collaborations. At the time of this publication complete
copies of this library have been distributed to Australia,
France, Israel, Italy, Switzerland and the UK. Clones and
high-density filters can be requested at http://agrono-
my.ucdavis.edu/Dubcovsky/BAC-library/BAC_Lang-
don.htm.

To reduce the number of clones required for a fivefold
coverage, we made an effort to increase the average size
of the inserts and to minimize the proportion of clones
containing cpDNA or no inserts. Large inserts are also a

Fig. 3 Assignment of Langdon (LDN) BAC clones selected with
the HMW-glutenin probe to the A or B genome using chromosome
substitution lines Langdon 1D(1A) and Langdon 1D(1B). Genomic
DNA and BAC clones were digested with the restriction enzyme
TaqI
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requirement for chromosome walking in wheat because
large regions of repetitive elements are present, even in
gene-rich regions (SanMiguel et al. 2002). The average
insert size of this library (131 kb) was larger than the
average insert size of previous published Triticeae BAC
libraries (T. tauschii, 119 kb; T. monococcum, 115 kb; H.
vulgare, 106 kb) and the proportion of clones with
cpDNA or no inserts was reduced to very low levels
(<2%).

The Langdon BAC library as a tool
to characterize polyploid evolution

Durum wheat is a relatively young polyploid with
extensive colinearity between the two genomes (Blanco
et al. 1998; Nachit et al. 2001). This library will provide a
valuable tool to characterize the genomic changes that
have occurred during these early stages of polyploidiza-
tion. Polyploidization is a dynamic process playing an
important role in the evolution of plants (Soltis and Soltis
1995; Wendel 2000). Rapid genomic changes, including
elimination of DNA sequences, activation of transposons,
gene silencing and methylation changes, have been
observed after the formation of new polyploid species
(Comai et al. 2000; Wendel 2000; Ozkan et al. 2001;
Shaked et al. 2001). Comparison of BACs from the A
genome of the Langdon BAC library with colinear
regions from the A genome of diploid wheat species will
provide additional insights into the nature and extent of
these processes.

Fingerprints of orthologous BACs from the A and B
genomes show a very limited number of common
restriction fragments, suggesting extensive differentiation
between the A and B genome. This differentiation was
expected based on the high level of RFLP polymorphism
observed between the A and B genomes and the limited
sequence similarity observed between the wheat genomes
outside gene regions (Anderson et al. 1998). The A and B
genomes diverged approximately 2.5–4.5 million years
ago (Huang et al. 2002), providing a long period of time
for divergence. Dating of 11 retrotransposon insertions in
a 215-kb region of T. monococcum (SanMiguel et al.
2002) showed that all of them were inserted during the
last 4.5 million years and that more than half of them
were inserted in the last 2.5 million years, after the
divergence of the A and B genome diploid species. In
addition, an active process of deletion of repetitive
elements was detected in the intergenic regions, leading
to an almost complete differentiation of the colinear
intergenic regions from wheat and barley after 10–15
million years of divergence (SanMiguel et al. 2002). The
divergence of the A-genome species, T. monococcum
(Am) and T. urartu (A), occurred more recently (approx-
imately 0.5–1 million years; Huang et al. 2002). A
comparison between 300 kb of homologous sequence
from chromosomes 5Am and 5A (from tetraploid wheat)
has shown that 75% of the intergenic regions present in T.
monococcum have no similar sequences in the A genome

of tetraploid wheat (J. Dubcovsky and P. San Miguel,
unpublished). Based on the previous data, the extensive
differentiation of the fingerprints from colinear BACs
from the A and B genomes is not surprising. This result
suggests that global fingerprinting strategies can be used
in the construction of separate physical maps of the A and
B genomes in tetraploid wheat.

We confirmed this result by repeating the fingerprint-
ing experiment for 16 BACs selected with three single-
copy probes using a more sophisticated fingerprinting
technique based on capillary sequencers and precise
estimates of fragment sizes. Drs. J. Dvorak and M.C. Luo
(University of California Davis) kindly provided access to
the fingerprinting technique currently being used in their
laboratory to assemble a complete physical map of the D
genome of T. tauschii (http://wheat.pw.usda.gov/Physi-
calMapping/). The FPC analysis of these 16 fingerprints
resulted in six contigs, one per probe/genome combina-
tion, demonstrating that the A and B genome BACs from
colinear regions can be easily separated by different
fingerprinting techniques.

The Langdon BAC library as a tool to characterize genes
for important agronomic traits

Durum wheat is second in importance to bread wheat
among the cultivated wheats. Between 20 and 30 million
tons per year have been produced worldwide during the
last 10 years (USDA Foreign Agricultural Service online:
http://www.fas.usda.gov/). This library will provide a
direct resource to clone agronomically important genes in
wheat, including disease resistance genes, genes related to
abiotic stress and genes related to quality. Although the
model species rice has been almost completely sequenced
and is a powerful tool for wheat genetics, many traits can
be studied only in wheat. Genes affecting bread-making
and pasta-making characteristics are good examples of
these types of traits.

The quality of different wheat products is primarily
determined by the variation in the gluten and starch
properties. The main genes affecting these two charac-
teristics are those encoding seed storage proteins and
starch biosynthesis enzymes. Therefore, knowledge of the
structure and organization of these genes is important for
genetic improvement of grain quality. The large number
of genes present in some of these families and the
polyploid nature of wheat has complicated the character-
ization of these gene families using whole genome
approaches. Results from the present study show that
individual members of these families can be separated in
individual BACs, thereby facilitating the sequencing of
individual genes, the characterization of their promoters
and the design of specific PCR primers for mapping and
expression studies.

The gliadins represent more than 50% of the total
endosperm proteins. The a-gliadin genes, located at the
Gli-2 loci on the short arm of the chromosomes of
homoeologous group 6, are estimated to have between
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25–150 copies depending on the exclusion or inclusion of
pseudogenes in the gene number determinations (Ander-
son and Greene 1997). A lower number of copies, varying
between 15 and 40 different genes, has been estimated for
the g-gliadins located at the Gli-1 and Gli-3 loci on the
short arm of the chromosomes from homoeologous group
1 (Sabelli and Shewry 1991). These estimates are similar
to those predicted in this study based on the number of
BAC clones detected with these genes (Table 2). Finger-
print analysis of the 223 a-gliadin BAC clones and
subsequent contig assembly using the FPC program
generated two large contigs and several small contigs,
suggesting that the two large contigs are the major a-
gliadin-rich regions (Y. Gu and O.D. Anderson, unpub-
lished data). Some BAC clones showed the simultaneous
presence of gliadin and LMW-glutenin genes, suggesting
some level of interspersion of these two gene families.
Further characterization and sequencing of contigs from
the main gliadin and LMW-glutenin loci will provide a
better understanding of the organization and evolution of
this gene family in the wheat genome.

Multiple BAC clones were detected with each of the
genes involved in the starch biosynthesis (Table 2). Under
the hybridization and washing conditions used in our
study, the number of BAC clones selected with the
complete endosperm-expressed SBEI cDNA (Accession
number Y12320) suggests the presence of one SBEI gene
copy per genome. The number of restriction fragments in
wheat genomic DNA hybridized with SBEI varied
depending on the region of the gene used as a probe
(Rahman et al. 1997, 1999). Analysis of the genes
identified from Triticum tauschii demonstrated that there
are multiple copies of the SBEI present in the genome but
that only one of them corresponds to the endosperm-
expressed protein (Rahman et al. 1997, 1999). There is
strong evidence in cereals that the SBEII class contains
two genes (Rahman et al. 2001), in agreement with the
observed number of positive BACs selected with the
SBEII probe. This is also the case for the isoamylase
debranching enzyme SU1, where the 17 positive BAC
clones detected with this probe are within the expected
number based on the reported single-copy nature of this
gene (Peng et al. 2001). A larger number of BACs than
expected was found for both starch synthase genes SSI
and SSII. Although a single-copy gene per genome was
reported for each of these genes (Li et al. 1999a, b), 40
positive BAC clones were detected for each gene. Only
one BAC clone was detected simultaneously by SSI and
SSII, suggesting that this difference did not originate in
cross hybridization between the two genes. One possible
explanation is the presence of a repetitive element (e.g.
MITE) within the clones used to screen the BAC library.
Detailed analyses of these clones are being performed to
explain the differences between the expected and ob-
served numbers (R.N. Chibbar, personal communication).

This library is currently being used in the University of
California, Davis and the University of Haifa laboratories
for the positional cloning of a gene for high grain protein
content located on chromosome 6BS (Khan et al. 2000).

In France, BACs from the A and B genome are being
compared with the Am genome to characterize the
evolution of the hardness loci. BAC clones including
genes related to pasta quality are being studied in Italy
and those including seed storage proteins are being
sequenced in USDA-Albany. In addition, this library has
been already distributed to more than eight laboratories
worldwide. Clones and high-density filters can be
requested at http://agronomy.ucdavis.edu/Dubcovsky/
BAC-library/BAC_Langdon.htm.
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